We generate higher-order azimuthally modulated Bessel optical lattices in photorefractive crystals by employing a phase-imprinting technique. We report on the experimental observation of self-trapping and nonlinear localization of light in such segmented lattices in the form of ring-shaped and single-site states. The experimental results agree well with numerical simulations accounting for an anisotropic and spatially nonlocal nonlinear response of photorefractive crystals. 
Introduction
In recent decades, many studies have been devoted to the analysis and experimental observation of self-trapping and localization of light in different types of nonlinear media [1] . The self-trapped states, often referred to as spatial optical solitons, are highly robust and may exhibit particle-like behavior in interactions, what makes them promising objects for the beam control and all-optical switching. The presence of periodically varying refractive index in the medium affects the propagation and localization of optical beams, and many recently observed new effects are associated with the soliton dynamics in periodic waveguide arrays [2] . As was recently suggested theoretically [3] and demonstrated in experiments [4, 5, 6 ], a periodically modulated refractive index can be induced by imprinting an optical pattern in a photorefractive crystal, and nonlinear localized states can exist in different spectral bands of the periodic lattices. Many novel effects have also been predicted to occur in nondiffracting ring Bessel-like optical lattices [7] , and the first experimental results on the ring lattices have been obtained very recently [8] .
Nondiffracting optical beams appear as a special class of linear modes propagating in the free space without any distortion [9] . The simplest example of the nondiffracting beams has the amplitude profile proportional to the zero-order Bessel function, and therefore such beams are often called Bessel beams. In spite of the fact that the Bessel beams appear as eigenmode solutions of Maxwell's equations of infinite transverse extent and energy, they have been demonstrated in experiments with finite beams, where the characteristics of stationary propagation are sustained over long distances [10, 11, 12, 13] .
The purpose of this paper is twofold. First, we report on our experimental results on the generation of different types of nondiffracting Bessel optical beams by employing a phaseimprinting technique [14, 15] and concentrate on azimuthally modulated Bessel beams. Second, we use the nondiffracting nature of the Bessel beam to induce an optical lattice in a biased photorefractive crystal and study the nonlinear trapping of light in such lattices. While nondiffracting beams are extensively used for optical manipulation of particles [16] and atoms [17] , we demonstrate that due to the nonlinear self-focusing response of the material "optical trapping of light" is also possible. We report on the first experimental observation of self-focusing and localization of light in azimuthally modulated Bessel lattices considered theoretically [18] . In particular, we generate experimentally different types of localized states positioned symmetrically or asymmetrically with respect to the segmented Bessel lattice. We show that our ex- perimental results are in a good agreement with numerical simulations of the nonlinear model accounting for a nonlocal anisotropic response of photorefractive nonlinear crystals [19, 20] .
Generation of nondiffracting Bessel lattices
A Bessel beam is associated with a solution of the wave equation such that any cross-section of the beam intensity distribution remains independent of the propagation variable z, and it can be presented as a superposition of an infinite number of plane waves. In past years, a number of practical ways to generate Bessel beams have been suggested including the use of passive optical systems such as ring apertures, Fabry-Perot etalons, and axicons [21] , as well as holographic methods [22] , or diffractive phase elements [23] . In contrast to passive methods, several active schemes have been proposed to produce finite-aperture approximations of different Bessel and Bessel-Gauss beams in resonators [24] . Here, we generate nondiffracting Bessel-like optical beams based on the phase-imprinting technique [14, 15] . We then study the propagation and self-action of probe beams in optical lattices induced by such Bessel beams.
In our experiments we employ a programmable phase modulator (PPM), as shown in the setup scheme [ Fig. 1 ]. In this arrangement, the beam from a frequency-doubled cw Nd:YVO 4 laser (532 nm) is split into two orthogonally polarized beams by a polarizing beam splitter (PBS), where the splitting ratio is set by a half-wave plate. The beam transmitted through the PBS is expanded approximately 10 times and illuminates a phase modulator (Hamamatsu X8267). The modulator is programmed to reproduce the exact phase profile of a modulated Bessel beam given by
where ρ and ϕ are the transverse polar coordinates, w is the spatial scale, and J n is the n-th order Bessel function. Such a field distribution represents a well-known nondiffracting beams, and it is ideal for the application of the optical induction technique in a similar way as realized earlier for square lattices induced by four interfering beams [4, 25] . In practice, the input pattern distribution is superimposed onto a broad Gaussian carrier beam and the constant (nondiffracting) intensity profile can be preserved only for a finite distance (i.e., the focal region), which in our case for w = 7.6 µm is of the order of 2 cm. In fact, the phase modulator only reproduces the phase structure of the Bessel beam (1) and to obtain a real nondiffracting beam we employ Fourier filtering in the focal plane of the telescope which im- ages the active plane of the modulator onto the front face of a 20 mm long SBN photorefractive crystal. The crystal is externally biased by a DC electric field (3500 V/cm) applied horizontally along the crystal c-axis, allowing the study of self-action effects.
Light localization in a Bessel lattice
The Bessel beam forming the lattice [ Fig. 2(a) ] is ordinary polarized and its stationary propagation inside the crystal is not affected by the applied voltage, due to a small value of the electro-optic coefficient for this polarization. On the other hand, an extraordinary polarized probe beam feels the Bessel-type potential, and it experiences strong self-action due to the self-focusing nonlinearity of a photorefractive crystal [3, 4, 5, 6] . As a probe, we use the beam reflected from the PBS, which is combined with the lattice onto a beam splitter and is tightly focused to a size of 13.2 µm onto the front face of the crystal. The input and output crystal faces can be imaged by a lens and recorded onto a CCD camera for analyzing the transverse intensity distribution. Additionally, a small portion of the probe beam is used as an interferometric reference beam to monitor the phase profile of the probe beam at the output.
Without the lattice, the narrow input probe beam [indicated by a circle in Fig. 2(b) ] diffracts and greatly increases its size to 162 µm at the crystal output, as shown in Fig. 2(b) , which corresponds to 12 diffractions lengths of propagation. Then we switch on the PPM, which is programmed to reproduce the phase distribution of the Bessel beam [Eq. (1)]. The resulting intensity distribution of this lattice forming beam (after Fourier filtering) has the form shown in Fig. 2(a) . Under the action of the bias electric field this beam induces a refractive index change following its intensity profile. It is important to note that we have to select the proper orientation of the lattice pattern with respect to the crystalline c-axis, in order to minimize the distortion of the refractive index modulation due to the anisotropy of the photorefractive crystal as previously discussed for square lattices [20] . In our case of horizontal bias field, we find that the optimal orientation corresponds to a zero intensity line of the Bessel pattern perpendicular to the electric field, as shown in Fig. 2(a) . Still the anisotropy of the nonlinear response cannot be completely eliminated, and it affects the propagation of the probe beam. This effect is different for the Bessel lattice of different orders. In our experiments, we have tested the azimuthally modulated Bessel lattices of the orders n = 1, 2, 3, and 4. For the low-order lattices, the two (n = 1) or four (n = 2) sites in the inner ring dominate the structure of induced refractive index and represent almost decoupled waveguides for the probe beam. For the higher-order Bessel beams (n = 4) the effect of the crystal anisotropy leads to strong vertical merging of the closely located lattice sites. Therefore, below we present results for the representative example of the third-order modulated Bessel beams (n = 3).
When the probe beam propagates in the direction of the generated Bessel lattice, at low laser powers (20 nW) the beam experiences discrete diffraction with the output profiles strongly dependent on the specific location of the initial excitation. This can be seen in Fig. 2(c) for the excitation in the origin of the lattice, between two lattice sites in (e), and on a single lattice site in (g). At high beam power (250 nW) the beam experiences nonlinear self-focusing and becomes localized at the six sites of the first ring of the Bessel lattice [ Figs. 2(d)-(h) ].
We note that the nonlinear response of a biased photorefractive crystal is anisotropic and the effect of anisotropy is clearly visible. It results in a deformation of the induced Besseltype potential and, correspondingly, in an asymmetry of the output beam profile for the case of symmetric excitation, when the input beam is positioned at the lattice center [ Figs. 2(c,d) ]. We see that in the low-power regime [ Fig. 2(c) ] the beam spreads faster in the vertical direction, indicating that the lattice potential is stronger along the horizontal axis, coinciding with the direction of the external bias field.
Further, we tested the nonlinearity-induced localization of the probe beam when the input is offset from the lattice center. For the input position between two upper sites of the main ring we observed beam localization at the power level of 600 nW in the form of a double-peak inphase structure [ Fig. 2(f) ]. For the same excitation at low powers (20 nW) the beam diffracts as shown in Fig. 2(e) . Based on the generic properties of lattice solitons [1, 2] and results of numerical simulations, we expect that the double-peak states may be unstable with respect to symmetry breaking. When the input probe beam is positioned onto a lattice site of the first ring, the beam diffracts for a low power [20 nW - Fig. 2(g) ] and localizes to a single lattice site at a larger power [450 nW - Fig. 2(h) ]. In all the cases (d), (f), and (h), the light localized on first lattice ring was in-phase as interferometrically tested, while the residual light in the lattice centre appears weakly phase shifted as shown in the inset of Fig. 1 . This phase shift is attributed to fact that this residual light is propagating in a low refractive index region of the lattice.
Numerical results for the anisotropic model
In order to confirm the existence of localized states corresponding to the experimental observations, we solve numerically the extended model accounting for anisotropic and nonlocal nonlinear response of the photorefractive material [19] . This model describes the propagation of the electric field envelope,
coupled to the electrostatic potential ϕ of the optically-induced space-charge field that satisfies the relation [19] :
Here ∇ 2 = ∂ 2 x + ∂ 2 y and physical variablesx,ỹ, andz correspond to their dimensionless counterparts as (x,ỹ) = (wx, wy) andz = 2κw 2 z, here w is the transverse scale factor [Eq. (1)] and κ = 2πn 0 /λ is the carrier wave vector with the linear refractive index n 0 . Parameter γ = w 2 κ 2 n 2 0 r eff E is defined through the effective electro-optic coefficient r eff and externally applied bias DC field E . The total intensity is given by the sum
where r 2 = x 2 + y 2 , ϕ = tan −1 y/x, and I is measured in units of the background illumination intensity, necessary for the formation of spatial solitons in such a medium. We solve Eqs. (3), (4) and find that the modulated Bessel beam induces the refractive index modulation which has a symmetry lower than the symmetry of the intensity pattern [cf. Fig. 3 (a) and (b)]. Stationary solutions of the system (2), (3) are sought in the standard form E(x, y, z) = U(x, y) exp(iβ z), where the real envelope U satisfies the equation
To find localized solutions to the system Eqs. (3), (5) we apply the relaxation technique [19] with initial profile in the form of a Gaussian ansatz. When the Gaussian profile is positioned in the origin of the induced potential, we find numerical solutions for ring-shaped solitons [ Fig. 3(c) ], which closely resemble the localized states observed in the experiment [ Fig. 2(d) ]. However, if the propagation constant β exceeds some threshold, which corresponds to the threshold for soliton power and peak intensity, our relaxation procedure converges to the on-site single soliton, shown in Fig. 3(d) . We conclude that two families of solutions may be linked through a bifurcation, which may correspond to the onset of symmetry-breaking instability for the effectively two-lobe "in-phase" soliton shown in Fig. 3(c) .
Conclusions
We have generated modulated Bessel-type optical lattices in a photorefractive crystal by employing a phase-imprinting technique. We have studied the nonlinear light propagation and self-action in such segmented Bessel lattices and observed light localization in the form of ringshaped and single-site self-trapped localized states. The results are in a good agreement with numerical simulations of the nonlinear model accounting for a nonlocal anisotropic response of photorefractive nonlinear crystals.
